Random segments of Myxococcus xanthus DNA were cloned in yeast artifical chromosomes (YACs) to construct a physical map of the genome. EcoRI restriction maps of 409 YAC clones with inserts averaging 111 kilobase pairs (kb) were determined. Comparison to the map of a 300-kb region of M. xanthus obtained from clones in Escherichia coli indicates that segments of DNA cloned in YACs are stably maintained in yeast and that their sequences accurately reflect the structure of the Myxococcus genome. The 409 YAC inserts were ordered within 60 map segments (contigs) by aligning their EcoRI restriction maps and by hybridization with 18 gene-specific DNA probes. These 60 map segments may represent the entire Myxococcus genome and could be used to organize its genetic information. This study illustrates the utility of YACs for cloning large segments of DNA and for reliable long-range genomic mapping.
The study of many organisms is hindered by the absence of a long-range genetic map. A physical map can substitute for a genetic map, providing a long-range structural framework on which genetic loci can be positioned. A physical map consists of landmarks such as restriction sites, transposon insertion sites, or of partial DNA sequences that have been physically ordered.
Several strategies for constructing physical genomic maps have been described that utilize a large number of randomly cloned segments of DNA to create a continuous array of overlapping segments (1) (2) (3) . Random segments are ordered by finding regions that overlap, a process that ultimately requires comparing every segment with every other segment. This ordering step is difficult because an entire genome must be covered by mapping a large number of cloned fragments, each of which constitutes a small fraction of the genome. One way around this difficulty is to start with a smaller number of larger clones, thereby decreasing the number of comparisons required. Since DNA fragments as large as 800 kilobase pairs (kb) can be cloned in yeast artificial chromosomes (YACs; refs. 4 and 5), they should permit mapping a genome with fewer clones than would be required with Escherichia coli vectors. Although such an approach has been proposed (4) , it remains to be demonstrated that accurate genomic maps can be constructed from information obtained with YAC clones. Before YACs can be confidently used for mapping in general and for the random cloning approach in particular, it must be shown that genomic DNA can be maintained in YACs without deletion or rearrangement and is selected with little bias favoring one genomic region over another.
Myxococcus xanthus is a microbe whose genetic character is poorly understood, yet is of interest because it is the most primitive organism known that exhibits multicellular development with cellular differentiation (6) . Many mutations that alter its development have been isolated and studied genetically. Both specialized and generalized transduction are available to transfer genomic segments of <50 kb, but no reliable method for long-range genetic mapping yet exists.
To correct this deficiency, we have begun to construct a physical map of the M. xanthus genome by random cloning into YACs. By identifying those YACs that contain contiguous pieces of Myxococcus DNA, comparing some particular sequences with established maps, and testing related YACs for internal consistency, we show that physical maps produced by YACs faithfully represent the native genome. No rearrangements or deletions were evident in any of the clones examined in detail. We describe mapping with a single restriction enzyme and many YAC clones. A set of 409 YACs, possibly representing the entire M. xanthus genome, was ordered into 60 groups of contiguous clones (contigs) by comparing their restriction maps.
MATERIALS AND METHODS
Plasmids. The plasmids containing specific Myxococcus genes (and their sources) are: p104 (7) ; pJR167, containing tgl (provided by J. Rodriquez); pKNS264, containing mgl (8); pYLC72, containing dsg (9); pKAM019, containing asgB (10) YAC Construction. Myxococcus DNA was partially digested with EcoRI endonuclease. The extent of digestion was monitored by pulsed-field electrophoresis in 1% agarose gels by using a contour-clamped homogeneous electric field (CHEF) device with a hexagonal electrode configuration (21) , a field strength of 6.7 V/cm, and an 80-s switch time for 20 hr at 9-100C. The pYAC4 vector, which contains an EcoRI cloning site, was prepared as described (4) . YACs were constructed by ligation of a mixture of 100 tkg of partially digested Myxococcus DNA and 200 ,ug of prepared pYAC4 "chromosome arms" (4), followed by separation of large DNA from unreacted vector fragments by sucrose gradient sedimentation. Fractions containing DNA > 50 kb were pooled, concentrated, and dialyzed against TE in a collodion bag. This DNA was used to transform yeast strain AB1380 as described (4, 22) except that spheroplasts were plated on regeneration/selection plates without uracil and with 10 ,ug of adenine per ml. Primary transformants were picked to yeast minimal plates containing 10 ,g of adenine per ml and lacking uracil and tryptophan (23) ; colonies that grew within 3 days at 30°C were saved.
Analysis of YAC Clones. Large DNA was prepared in agarose as described (24) from YAC-containing strains. Each yeast strain saved (above) was grown to saturation in 1.5 ml of yeast minimal medium lacking uracil and tryptophan at 30°C and was cast in a 75-,ul mold. The size of each YAC was determined by pulsed-field electrophoresis of the DNA in a CHEF device with a 20-s switch time, followed by transfe-r to Nytran and hybridization with 32P-labeled EcoRI-digested pBR322 DNA. Concatamers of phage A DNA (cI857Sam7) made as described (25) were used as standards. YACs 100-160 kb in size (468 total) were analyzed further. To identify YACs that contained specific cloned M. xanthus genes, YAC DNA was separated from yeast chromosomal DNA by field-inversion gel electrophoresis (FIGE) (26) , transferred to Nytran, and probed with DNA fragments from cloned genes. The FIGE was run in a standard 20-cm bed agarose gel box with a pulse controller (PC750; Hoefer). The electric field strength was 3 V/cm, switched 2.1 s in the forward direction and 0.7 s in the reverse direction with a ramping factor of 2, in a 1% agarose gel in 0.25 x TBE buffer (27) the Burke technique to start with yeast cells in agarose, which simplifies the DNA preparation and digestion procedure. Fig.  1 shows that the same (complete) set of partial digestion fragments was produced after 10 and 50 min of digestion. By digesting each new cell sample for 10 min and 50 min, variations in strain growth could be accommodated, and it becomes practical to analyze many strains in one experiment. We have also used CHEF electrophoresis (21) , which can resolve bands that differ by >2 kb and, under the particular conditions employed, in which mobility is a linear function of molecular size for molecules of 15-150 kb. Because the same filter could be probed sequentially with DNA specific for the centromeric and noncentromeric ends of a YAC (4), two measurements of the size of each EcoRI fragment were obtained, which were then averaged.
Before attempting to order the YAC clones, we tested the extent to which M. xanthus DNA that had been selected in a YAC and replicated in yeast accurately represents the M. xanthus genome. An extensively mapped region of the M. xanthus genome that surrounds the putative origin of replication was compared to YACs derived from that region. This region extends over 330 kb and has been isolated in a set of overlapping cosmid clones in E. coli (7) . One of these clones (p104) was used as a probe to identify YACs from this region. Four YACs hybridized with p104; eight others could be assigned to the region by their fragment patterns. Fig. 2 compares the EcoRI fragment sizes and order from YACs with the cosmid map of Komano et al. (7) . The agreement is good, with an average difference of 13% in corresponding fragment sizes between the two maps. No deletions or rearrangements of M. xanthus DNA in the YACs were evident. To test stability, DNA was isolated from a particular yeast transformant and again from 20 single colony isolates of the same transformant after 27 generations of growth. The same YAC fragment sizes and fragment order were found in all these colonies; no deletions or rearrangements were observed.
Identification of Related YACs by Matching Their Ordered Fragment Sizes. Restriction mapping by the method described in Fig. 1 EcoRI sites closer than 2 kb can be resolved by the method used (Fig.  1) only under special conditions. Accordingly, they are not included in the comparison with the E. coli map.
we will call the mapping set. They contain a total of 45 Mb of M. xanthus DNA.
To identify YACs with contiguous DNA segments, the 409 maps were screened pairwise for overlaps. In the first stage of comparison, YACs which had at least four pairs of fragments that matched in order and size within 10% were assigned to the same group. Exceptions to the four-fragment minimum were made for those 83 of the 409 YACs whose overlaps contained an EcoRI fragment of 60 kb or more, because such large fragments were rare and the probability of a false overlap was correspondingly low. From the 409 members of the mapping set, 78 groups of overlapping YACs were evident. These groups contained an average of 5.2 (409/78) YACs each, and the average total length of a group, from the sum of its constituent fragments, was 150 kb. Since all but three groups had two or more member YACs, errors arising from the measurement of fragment length could be reduced by averaging, and maps corresponding to each of the 78 groups were obtained. The distribution of numbers of YACs per group approximates a Poisson distribution with a mean of 5.2 (Fig. 3) , consistent with the hypothesis that the M. xanthus cloned segments were drawn at random from the whole M. xanthus genome. By this analysis, <1 group is expected to have no YAC representative; if all M. xanthits sequences can survive in yeast, the library may be complete.
In a second stage, the ends of different groups from the first stage were scanned for overlaps. Many inconsistent overlaps of three fragments were seen, so it was again required that at least four fragments overlap, allowing fragments to vary ± 10% in size. This second stage is not logically independent of the first since similar criteria were applied, but comparing one whole group with another provided greater sensitivity and reliability than individual YAC-to-YAC comparisons. Indeed, 12 new overlaps were picked up.
As part of the search for overlaps between groups, 18 different DNA hybridization probes obtained from specific M. xanthus genes were used to identify related YACs. Southern blots of YAC DNA separated from the normal yeast chromosomes by FIGE electrophoresis were used for hybridization with the probes. All probes hybridized with at least 2 YACs, the average being 5.4 YACs per probe. The fact that all probes hybridized with some YACs supports the assertion that all M. xanthus sequences clonable in E. coli are clonable in YACs. Assuming a genome size of 9-10 Mb, the fact that, on average, 5.4 YACs hybridized to a given probe argues that the mapping set may be a complete library, with an average segment represented, as expected, five times. Of the YAC groups, there were 10 in which all members of each group identified in the first stage hybridized with the same probe in the second. No group hybridizing to a probe failed this test. This check on the internal consistency of the groups confirms the fidelity and genetic stability of YACs as carriers of segments of the M. xanthus genome and the validity of the overlap criteria that were used to define a group.
Six probes hybridized to subsets of YACs drawn from two different groups, establishing the contiguity of those pairs of groups. The tag and csgA probes actually linked three groups together. Given the hybridization to these probes, there 31  150  32  150  33  150  34  150  35  150  36  150  37  150  38  140  39  140  40  140  41  140  42  130  43  130  44  130  45  130  46  130  47  120  48  120  49  120  50  120  51  120  52  120  53  120  54  120  55  110  56  110  57  110  58  110  59  100  60  100  Totals  60 10,800 appears to be only one way to order the three groups (Fig. 4) . Overall, the groups joined into contigs by hybridization to the same probe overlapped by an average of 2.7 EcoRI fragments and 15% of the original group length, too small to have allowed joining by direct matching.
In all, 18 groups were linked by the combined use of specific DNA probes and four-fragment overlaps; the 78 groups merged into the 60 contigs shown in Table 1 . End-to-end, these contigs include 10.8 Mb of M. xanthus DNA, but since some ofthis DNA is likely to be overlapping, the total genome length may be less. Although the 60 contigs have not yet been joined into a complete physical map of M. xanthus DNA, the data do map 16 previously known genes, indicated in the last column of Table 1 , onto their corresponding contigs.
Because the contigs linked by probes overlapped by an average of only 2.7 EcoRI fragments, it is unlikely that the 60 contigs of Table 1 can be further ordered by requiring four EcoRI fragment overlaps. More data, and perhaps additional restriction enzymes, would seem to be required to complete the physical map of M. xanthus. To identify overlaps between two contigs, single-copy probes specific for the ends of each could be generated and hybridized to the entire YAC library. In principle, this approach would be limited only by completeness ofthe YAC library. Gaps, ifthey existed, might be filled with other types of clones (33) . A more efficient way to complete the map is suggested by the discovery of Keseler et al. (34) that Ase I cleaves M. xanthus DNA into 16 fragments. The YAC contigs could be correlated to the fragments produced by Ase I. Selected YACs could be used as linking clones to span Ase I restriction enzyme sites. Moreover, the large Ase I fragments are likely to span any regions that may be missing from the YAC library.
The results reported here encourage the use of YAC libraries for genome mapping, illustrating its feasibility on the 10-Mb scale. Although the statistical data do not rule out the possibility that some M. xanthus DNA was not cloned in YACs, and despite the high (68%) G+C content of M. xanthus compared to yeast, no deletions or rearrangements were evident in Fig. 2 . YACs hybridizing to each of 18 single-copy DNA probes were found at the expected frequency and gave mutually consistent EcoRI fragment patterns in every case. Moreover, no EcoRI sites that demarcate fragments > 2 kb were present in some YACs but absent in others. Strategies that combine the use of YACs with other long-range physical mapping techniques could prove to be a universal approach for mapping large genomes.
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